ABSTRACT The unusual amino acid composition of acute phase proteins may be relevant to our understanding of the mechanism of tissue wasting in chronic inflammatory disease. During periods in which demand for amino acids outstrips dietary supply, skeletal muscle protein may be mobilized to meet this demand. An imbalance in the amino acid composition of these proteins may thus be detrimental to the body's nitrogen economy. To address this problem, we have measured the synthetic rate of fibrinogen (perhaps the major acute phase protein) and plasma amino acid profiles in a group of patients with adenocarcinoma of the pancreas and an ongoing inflammatory response (serum C-reactive protein ú10 mg/L in the absence of any other obvious infective or inflammatory cause). These were also measured in a control group with no evidence of inflammation. Fibrinogen synthesis was measured after an overnight fast, using a flooding dose of 2 H 5 -phenylalanine. The fractional rate of fibrinogen synthesis was significantly elevated in the cancer group compared with healthy controls [39.3 (20.0-49.9) and 21.9 (13.2-37.7) %/d, respectively; median (range), P õ 0.05]. The absolute rate of fibrinogen synthesis was also elevated [84 (33-143) and 26 (15-43) mg/(kgrd), respectively; median (range), P õ 0.01]. We calculated that, in cancer patients with anorexia-cachexia (i.e., documented ongoing weight loss in the absence of an obvious cause such as obstruction or malabsorption), aromatic amino acid supply (predominantly tryptophan) most limits fibrinogen synthesis from skeletal muscle reserves. Demand for the nonessential amino acids serine and glycine was elevated. Assuming that tryptophan is limiting, up to 2.6 g muscle protein (Ç12 g skeletal muscle tissue) may be wasted to synthesize 1 g fibrinogen. Interpretation of the observation that circulating free tryptophan concentrations were significantly reduced in the cancer patients will have to await flux measurements. The metabolic changes accompanying the inflammatory response suggest that down-regulation of this process may be beneficial.
proteins may constitute part of the mechanism. Grimble Restoration of lean body mass in patients with gastrointesti- (1990) suggested that acute phase protein synthesis may intronal malignancies has proven extremely difficult despite extenduce an additional demand for the metabolically interrelated sive investigations over the last two decades (Fearon 1992, amino acids glycine, serine, methionine and cysteine. Body Heys et al. 1992) . Chronic inflammation, evidenced by an composition studies (Preston et al. 1987) have shown that ongoing acute phase response, has been associated with the skeletal muscle protein is the most likely reserve of amino prevention of such restoration (McMillan et al. 1994b and acids that are mobilized in the anorectic-cachectic patient. 1994c). The unusual amino acid composition of acute phase Reeds et al. (1994) argued that, because acute phase proteins are not rich in sulfur amino acids, it is the supply of aromatic 1 Presented in part at the 17th Congress of the European Society of Parenteral amino acids (tryptophan, phenylalanine and tyrosine) from
and Enteral Nutrition, 10-13 September 1995, Rome, Italy [Preston, T., Slater, skeletal muscle that most likely limits acute phase protein esis in cancer patients with an ongoing acute phase response. Clin. Nutr. 14 (suppl.): 13-14 (abs.).] and the Scottish Meeting of the Nutrition Society, 2-3
There have been a number of studies that have compared
April 1996, Dundee, UK [Slater, C., Preston, T., McMillan, D. C., Falconer, J. S. & circulating amino acid concentrations in healthy subjects and Increased fibrinogen synthesis in cancer patients: implicancer patients (Bennegard et al. 1984 , Clarke et al. 1978 cations for nitrogen economy. Proc. Nutr. Soc. 55: 248A (abs. Levin et al. 1983 , Norton et al. 1985 . However, such studies 3 The costs of publication of this article were defrayed in part by the payment have yielded conflicting results and comparison of findings is of page charges. This article must therefore be hereby marked ''advertisement'' difficult because there has been no apparent attempt to relate in accordance with 18 USC section 1734 solely to indicate this fact. 4 To whom correspondence should be addressed.
the potential effect of acute phase protein synthesis on skeletal The aim of this study was to examine the fibrinogen syntheFibrinogen concentration in plasma sampled in an EDTA-treated sis rates and amino acid concentrations in normal subjects and tube was measured with a turbidometric assay of carefully controlled in cancer patients with an acute phase response. Experience fibrinogen precipitation using ammonium sulfate (Macart et al. 1989 ).
of the use of the flooding dose technique for measuring the Within-assay variability was õ5%. Between assay variability was fibrinogen synthetic rate is also reported. The importance of õ10%. The mid-range of the assay was 2.5-4.5 g/L. The limit of these findings is discussed in relation to the body's nitrogen detection was 1.0 g/L.
economy.
The concentration of free amino acids in the plasma were determined by HPLC, using an ASTED dialysis system for deproteinization (Anachem, Luton, UK) and orthophthalaldehyde for quantitation
SUBJECTS AND METHODS
using a fluorescence detector (Peek et al. 1988) .
Sample preparation and isotope analysis. The study protocol inPatients. Six patients with histologically proven adenocarcinoma volved the measurement of 2 H 5 -phenylalanine enrichment in the of the pancreas were entered into the study. None of these patients plasma free phenylalanine pool and in plasma fibrinogen. For free had undergone surgery in the preceding 2 mo, but all had an ongoing phenylalanine analysis, 1.5 mL plasma was diluted with 5 mL distilled inflammatory response and had a weight loss of ú10% of their predeionized water and cycloleucine (250 nmol) was added as an internal illness weight. Serum C-reactive protein (CRP) was ú10 mg/L; other standard. Samples were then deproteinized by ultrafiltration (25,000 obvious infective or inflammatory causes were not apparent. Seven MW cut-off Centrifree cone, Amicon, Gloucestershire, UK), acidified patients, who had been admitted to hospital for minor procedures and the amino acids purified by cation exchange.
2
H 5 -Phenylalanine (e.g., inguinal hernia repair), were also studied as normal subjects. enrichment was measured by gas chromatography-mass spectrometry These subjects were weight stable, had normal biochemical liver funcas its tert-butyldimethylsilyl derivative (Slater et al. 1995) . For fibrintion tests and had no evidence of an acute phase response (CRP õ5 ogen analysis, the sample in the ultrafiltration cone was then washed mg/L) or any other metabolic or endocrine disorder. None of the three times with 5 mL distilled deionized water to remove traces of patients were jaundiced, pyrexial or had clinical or radiological evifree phenylalanine. Fibrinogen was then extracted by diluting the dence of infection or were severely anemic. The study was approved plasma proteins to 20 mL with saline and 0.5 mL calcium chloride by the local ethical committee. All patients were informed of the (0.5 mol/L), adding 15 units of human (albumin-free) thrombin purpose and procedure of the study and all gave written informed (Sigma-Aldrich, Poole, UK); after 10 min, the fibrin was collected consent.
on a glass rod. The fibrin was then hydrolyzed under vacuum at 145ЊC Experimental design. After an overnight fast, a venous catheter for 4 h with 6 mol/L HCl, and its 2 H 5 -phenylalanine enrichment was was inserted into each anticubital fossa. One catheter was used for measured as previously described (Slater et al.1995) . The remaining the administration of a bolus solution of 2 H 5 -labeled phenylalanine, serum sample could then be used for analysis of the synthetic rates over 10 min (3.5 g of phenylalanine, 10 mol % excess phenyl-2 H 5 -of other plasma proteins . L-phenylalanine, 2 g/L in saline, Tracer Technologies, Sommerville, Calculations. Fractional synthesis rates of fibrinogen were calcu-MA). The catheter in the opposite arm was used to sample 10 mL lated by dividing the rate of change of 2 H 5 -phenylalanine enrichment blood before and 10, 20, 40, 60, 80 and 120 min after receiving the of fibrinogen by the area under the curve of precursor enrichment 2 H 5 -phenylalanine dose, for preparation and storage as plasma and vs. time as described by Ballmer et al. (1990) . Similarly, the secretion serum (020ЊC). In one normal volunteer, the protocol was repeated times for fibrinogen were calculated as described by Ballmer et al. with additional blood samples taken at 6, 12 and 24 h and 2, 3, 4, (1990). 7, 10 and 22 d. The blood sample collected before the ''flooding'' dose Statistics. Data are presented as medians and ranges. Where apwas analyzed for baseline phenylalanine enrichment and albumin, propriate, data were tested for statistical significance using the Mannfibrinogen, C-reactive protein and amino acid concentrations. Blood Whitney U-test (Mintab, State College, PA). Correlations between samples taken at the time points after the flooding dose were analyzed appropriate variables were tested using Spearman's Rank Correlation for 2 H 5 -phenylalanine enrichment in fibrinogen and in the plasma (Minitab). free phenylalanine pool. Plasma volume was predicted from body weight and height (Retzlaff et al. 1969) . Because the protocol was to be performed in fasting subjects, no dietary history or nutrient intake
RESULTS
was recorded for the period before the investigation. index. There were significantly lower circulating albumin con- significant correlations between the fibrinogen kinetic parame-TSR, total synthetic rate; ** P õ 0.01, * P õ 0.05.
ters (i.e., fractional and absolute synthetic rate) and its circulating concentration. This would support the hypothesis that increased fibrinogen synthesis largely determines the observed Total, fractional and absolute fibrinogen synthesis rates increase in circulating concentrations. Cytokines, especially were significantly greater in the cancer group compared with interleukin-6 (IL6), are thought to be responsible for the medithe control group (Table 2; P õ 0.05). In contrast, there was ation of enhanced acute phase protein synthesis by the hepatono significant difference in the fibrinogen secretion times of cytes (Heinrich et al. 1990 ). Indeed, we have previously rethe two groups. The intravascular fibrinogen mass (the product ported the association of elevated circulating IL-6 with the of its concentration and plasma volume) was significantly acute phase response in patients with cancer (Fearon et al. greater in the cancer group compared with the healthy controls 1991, Scott et al. 1996) . (P õ 0.05). When both normal subjects and cancer patients
The direct measurement of fibrinogen synthesis in cancer were combined, there were significant rank correlations bepatients using 15 N-glycine as tracer has been reported pretween circulating fibrinogen concentration and fibrinogen viously by Stein et al. (1978b) . These authors reported the fractional synthetic rate (r Å 0.80, P õ 0.01), absolute synfractional synthetic rate of fibrinogen to be Ç15%/d in healthy thetic rate (r Å 0.90, P õ 0.001) and fibrinogen total synthetic subjects and 26%/d in cancer patients. Although these values rate (r Å 0.91, P õ 0.001). Furthermore, there was significant are similar to those from this study (21.9%/d and 39.3%/d, rank correlation between C-reactive protein concentration respectively), they are consistently lower. The earlier study and fibrinogen absolute synthetic rate (r Å 0.87; P õ 0.01).
had a number of design and methodological limitations. A The serum amino acid concentrations of the control and cancer patients, measured before the start of the flooding phenylalanine dose, are given in Table 3 . In the cancer patients, TABLE 3 there were significantly lower circulating concentrations of tryptophan (P õ 0.01) and higher concentrations of citrulline Serum free amino acid concentrations in fasting healthy (P õ 0.01), cysteine and glycine (P õ 0.05) than in the subjects and cancer patients control group. The observation that circulating tryptophan
Healthy subjects
Cancer patients concentrations were significantly reduced in the cancer patients has since been confirmed by an independent stable-
isotope-dilution approach (Preston, T., unpublished results).
mmol/L
Circulating concentrations of phenylalanine were marginally elevated (P Å 0.09), and those of tyrosine, glutamate, arginine, there were significant rank correlations between the absolute (r Å 0.68, P õ 0.05), tryptophan (r Å 00.60, P õ 0.05) and plasma and fibrinogen samples was followed in a healthy volun- teer for 22 d and is shown in Figure 1 . There was no significant heterogeneous group of cancer patients was studied and the the plasma and the precursor pool within the flooding dose protocol. presence of an acute phase response was not established. Use of plasma total a-amino acid 15 N enrichment as the precursor Grimble (1990) suggested that there may be increased deafter administration of 15 N-glycine, although measuring fimand for the amino acids glycine, serine, methionine and brinogen-bound a-amino acid 15 N enrichment, ignores any cysteine in fasting subjects with an acute phase protein redifferences in 15 N enrichment between plasma and the intrahesponse. In this study, an increase in fibrinogen synthesis in the patic free amino acid pool and also ignores differences in amino cancer group of Ç2.4 g/d (the mean change in fibrinogen total acid composition between the plasma precursor pool and fisynthetic rate) was associated with a significant increase in brinogen. Although debate continues concerning the site of circulating concentrations of glycine and cysteine with no the precursor pool for liver export protein synthesis (Connell change in serine or methionine concentrations. As noted by et al. 1997), the earlier approach may have overestimated Reeds et al. (1994) , fibrinogen is not particularly rich in sulfur precursor amino acid enrichment and have led to an underestiamino acids; however, it is relatively rich in glycine and serine. mate of fibrinogen synthetic rate. The flooding dose protocol De novo synthesis of these amino acids via glutamate transamiused in this study gives greater confidence in the assumption nation must compensate, but failure to meet this extra demand that the free amino acid pool at the site of protein synthesis may lead to conditional essentiality of these amino acids is in isotopic equilibrium with that measured in the plasma. . With all subjects included, there were significant rank correlations between the concentrations of Over the past five years, use of the flooding dose protocol to measure rates of protein synthesis has increased. In our glycine and cysteine and the absolute fibrinogen synthetic rates. It can be estimated (assuming that albumin and fibrinoexperience, the short protocol has proven convenient in the clinical setting. The flooding dose was introduced to overcome gen together account for 80-90% of liver export protein synthesis) that there was an overall increase of Ç35% in the uncertainty in the enrichment of the precursor pool. However, considerable debate remains concerning whether the large liver's requirement for these interrelated amino acids. It is therefore of interest that despite a likely increase in demand, dose of an essential amino acid used in the flooding protocol can stimulate protein synthesis. This is especially true in the the circulating concentrations of these amino acids were maintained or increased and would suggest that there was a considcase of skeletal muscle protein (Rennie et al. 1994) , which may incorporate more tracer in response to a transient increase erable increase in the flux of these amino acids and in particular, glycine and cysteine. It is not know whether this could be in insulin concentrations or to elevated intracellular concentrations of essential amino acids. To our knowledge, there is related to increased degradation of albumin, a protein rich in cysteine whose synthesis is maintained at normal levels while no evidence to suggest that this may be the case with acute phase proteins whose synthesis seems to be regulated largely its concentration is significantly lowered (Fearon et al, 1998) . A large increase in glycine flux may compromise whole-body by cytokines (IL-6, Heinrich et al. 1990 ). Furthermore, this study was designed as a comparative study. When measuring protein turnover measurements when using 15 N-glycine as tracer in cancer patients with an acute phase protein response, liver export protein synthesis, plasma free tracer enrichment is assumed to reflect precursor enrichment. In this study, although this tracer may be a sensitive indicator of the phenomenon. Indeed, we have previously questioned the accuracy plasma free phenylalanine came into isotopic equilibrium with fibrinogen-bound phenylalanine within 7 h and remained so of such measurements (McMillan et al. 1994a , Preston et al. 1995 . The finding that circulating C-reactive protein concenfor 22 d (mean fibrinogen-bound 2 H 5 -phenylalanine enrichment was 101% of that in the plasma free pool between 7 h trations rank correlate significantly with fibrinogen absolute synthetic rate parallels our previous observation of the correlaand 22 d; see Fig. 1 ), indirectly validating the equivalence of / 4w3f$$4043 06-30-98 15:23:38 nutra LP: J Nut August tion of C-reactive protein concentration and whole-body prodifficulty in establishing potential sites and measuring the extent of the latter process. Indirect evidence for increased turntein synthesis (Preston et al. 1995) . These findings support our assertion that rates of whole-body protein synthesis, measured over, such as elevated circulating concentrations of fibrin degradation products, has been observed (Dvorak 1987, McMillan using 15 N-glycine as tracer, tend to be overestimated in subjects with an acute phase protein response. et al. 1994a), although there has been no measure of the rate of amino acid return from fibrinolysis. Should recycling be Reeds et al. (1994) argued that increased demands for amino acids from immune system proliferation and glutathione incomplete, or separated temporarily or spatially from synthesis, then acute phase protein synthesis could promote tissue synthesis, in addition to the acute phase protein response, are also likely to contribute to muscle protein breakdown. Park et wasting and continued negative nitrogen balance in the anorexia-cachexia patient. al. (1994) studied peripheral blood lymphocyte protein synthesis in patients with colorectal cancer, using a flooding dose of 1- Waterlow (1991) analyzed the data of Fleck et al. (1985) and argued that at the peak of the catabolic response to 13 C-leucine, and concluded that although lymphocyte protein fractional synthetic rate may be 9%/d, posing a similar amino infection, acute phase protein production could amount to 30% of the total body protein synthesis. Acute phase protein acid demand to that of constitutive liver proteins, lymphocyte protein FSR of cancer patients was significantly reduced. Glusynthesis is unlikely to be of this magnitude in chronic inflammation, but our estimates show that it may contribute tathione is formed by condensation of glutamate, cysteine and glycine. Cysteine can be supplied from the essential amino acid 15 -25% to liver protein synthesis or 3 -5% to whole-body protein synthesis. The realization that an imbalance in the methionine, provided this is available. In this study, circulating concentrations of cysteine and glycine were significantly amino acid composition between the supply (skeletal muscle) and demand (acute phase proteins) can exacerbate the greater in the cancer patients, whereas those of glutamate and methionine were unaffected, providing little evidence for a negative nitrogen balance may have a profound effect on the nitrogen economy of the cachectic cancer patient with failure of their supply. However, interpretation of changes in circulating amino acid concentration is problematic, and the an ongoing acute phase protein response. Clearly, however, for this to be the case the patient would have to be procurrent observations would have to be supported by flux measurements before any conclusions can be drawn.
foundly anorectic.
We have for the first time quantified fibrinogen synthesis It has been postulated that the negative nitrogen balance that occurs as part of the acute phase response is due to the in fasting cancer patients with an acute phase response and related this to circulating amino acid concentrations. Aldifference between the amino acid composition of acute phase proteins and skeletal muscle protein, because amino acids that though interpretation of the relevance of changes in circulating amino acid concentrations is less obvious than that are surplus to requirements for protein synthesis are oxidized (Reeds et al. 1994) . Such calculations highlight the limited of direct flux measurements, this study supports the hypothesis that aromatic amino acids, especially tryptophan, can be supply of aromatic amino acids, especially phenylalanine, in such conditions. This calculation was based on the increase limiting in such patients. Targeted nutritional support, to spare skeletal muscle protein reserves, may prove most effecof a number of acute phase proteins after acute injury (surgery), whereas fibrinogen appears to be the major acute phase protein tive when combined with anti-inflammatory intervention to reduce the demand for these amino acids. in chronic inflammation (cancer). By using acute phase protein changes immediately after surgery, Reeds et al. (1994) calculated that C-reactive protein, a 1 -antitrypsin and fibrino-ACKNOWLEDGMENTS gen contributed 30, 24 and 24%, respectively, to total acute phase protein synthesis. In contrast, when analyzing longitudi- of an extra 3 g of fibrinogen . This would Bennegard, K., Lindmark, L., Eden, E., Svaninger, G. & Lundholm, K. (1984) be a major contribution to tissue wasting if it continued unFlux of amino acids across the leg in weight-losing cancer patients. Cancer abated. This calculation showed that tryptophan (followed by is of interest that a negative correlation was observed between tative data on acute phase protein synthesis, there is even less 
